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Assessing cardiac pumping capability by exercise
testing and inotropic stimulation
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SUMMARY In heart failure both functional capacity and prognosis are primarily determined by the
degree of pump dysfunction. Although data on haemodynamic function at rest may indicate
impaired cardiac function, they do not assess the capacity of the heart to respond to stress. Maximal
bicycle ergometry and incremental intravenous inotropic stimulation in 31 patients with
moderately severe heart failure were evaluated as methods of stressing the heart to determine
cardiac pumping capability, which is defined as the cardiac power obtained during maximal
stimulation. There was good agreement between the cardiac pumping capabilities assessed by
these two methods. Maximal cardiac power output was better than maximal cardiac output and left
ventricular stroke work index in representing cardiac pumping capability, because it was less
dependent on the type of stimulation used during evaluation.

Inotropic challenge is at least as effective as exercise testing in assessing cardiac pumping
capability in heart failure, and may be a better method in patients who find physical exercise
difficult.

The primary defect in heart failure is the inability of variable, when determined by maximal inotropic
the cardiac pump to deliver sufficient hydraulic stimulation, has been shown to be an accurate
energy to maintain the circulation required by the predictor of the prognosis of individual patients with
metabolism during exercise and, when failure severe pump failure.! Because it is not known
becomes more severe, at rest as well.! Variables such whether this pharmacologically determined cardiac
as left ventricular ejection fraction, cardiac index, pumping capability bears any relation to the func-
and left ventricular stroke work index are often tional capacity of the impaired heart during exercise,
measured to assess the extent of the primary defect.>> we compared cardiac pumping capability measured
Unfortunately, these variables correlated poorly with ~ during incremental dobutamine infusion with that
exercise capacity'” and prognosis in individual —measured during symptom limited exercise.
patients with heart failure.'®

An alternative method of evaluating cardiac Patients and methods
impairment has been proposed.” It was suggested
that cardiac power output is, from the pointof viewof ~PATIENTS
fluid dynamics, the most logical variable to represent  We studied 31 patients (24 men and seven women) in
cardiac performance. Whether it reflects cardiac moderate to severe heart fajlure in sinus rhythm
function more closely than the more commonly used (mean age of 59 years (range 4469 years)). All except
variables, such as cardiac index and left ventricular two patients (class IV) had symptoms in New York
stroke work index, remains to be seen. In theory,how Heart Association class III. Dyspnoea on exertion
good the heart is as a pump can be best represented was the predominant symptom in all patients, al-
by the maximum hydraulic power output achieved though two patients felt that fatigue was equally
by the heart during maximal stimulation, and this limiting. Patients with exercise induced angina or
value is termed the cardiac pumping capability.” This important ventricular arrhythmias were excluded.
The mean (SD) left ventricular ejection fraction was
27-2 (11-5)%,. Two patients had dilated cardiomyo-
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evaluation and none had a myocardial infarction in
the six months before study. All patients gave
informed consent to the study, which was approved
by the ethical subcommittee of the East Birmingham
Hospital.

EXPERIMENTAL PROTOCOL

An electrocardiograph, thermodilution Swan-Ganz
catheters, and arterial cannulas were used to measure
heart rate, right atrial pressure, pulmonary arterial
and pulmonary wedge pressures, systemic arterial
pressure, and cardiac output, which was measured in
triplicate. Baseline resting haemodynamic data were
measured every 20 minutes until the consecutive data
did not vary by more than 109,. Haemodynamic data
were also collected during exercise. Patients exer-
cised in a semierect position (at 45-60° to the
horizontal) on a bicycle ergometer, starting at 10—
25 W and increasing in steps of 1025 W every three
minutes. The workloads were selected so that the
patients reached peak exercise in less than 10
minutes. The exercises were terminated by exhaus-
tion, dyspnoea, or leg muscle fatigue, or by important
ventricular arrhythmia. None of these patients had to
stop exercising because of arrhythmia. The exercise
tests were performed in the postabsorptive state at
about the same time of day, and four hours after the
ingestion of diuretics. After patients had rested for
four hours, we gave increasing doses of dobutamine
starting at 2-5 ug/kg/min and increasing by 2-5 or 5-0
ug/kg/min every 5-10 minutes to a maximum of 15—
30 ug/kg/min. The maximum dose was reached when
there was no further increase in cardiac output and
cardiac power output, or when a symptom became
intolerable or important arrhythmia developed. One
patient asked for the dobutamine infusion to be
stopped (at a rate of 15 ug/kg/min) when considerable

vasodilatation caused a sensation of intolerable hot-
ness. In two patients the infusion (> 10 ug/kg/min)
was stopped because of ventricular bigeminy that
prevented further increases in cardiac power output.

CALCULATIONS

From the haemodynamic data obtained, where all
pressures were expressed as mm Hg, cardiac index
(CI), left ventricular stroke work index (LVSWI),
pulmonary vascular resistance (PVR), systemic vas-
cular resistance (SVR), and cardiac power output
(CPO) were calculated as follows: CI (I.min'.m™) =
cardiac output/body surface area; LVSWI (g.m.m™)
= (mean systemic arterial pressure—mean pul-
monary wedge pressure) X CI x 0-136/heart rate;
PVR (dyn.s.cm™) = (mean pulmonary arterial
pressure —mean pulmonary wedge pressure) X
80/cardiac output; SVR (dyn.s.cm™) = (mean
systemic arterial pressure—mean right atrial
pressure) X 80/cardiac output; CPO (W) = (mean
systemic arterial pressure—mean right atrial
pressure) X cardiac output x 2:2167 x 107,

The maximum cardiac power output during exer-
cise testing (CPOg) was that obtained when the
patient was performing at maximal exercise work-
load. The maximum cardiac power output during
dobutamine infusion (CPO,,) was determined by the
highest cardiac power output value obtained during
the incremental dobutamine stimulation.

Statistical analysis was by Student’s paired z test.
Differences were taken to be significant at p < 0-05.
Results are expressed as mean (1 SD). We used the
statistical method of Bland and Altman® to assess the
agreement between the two methods of evaluating
cardiac pumping capability (dobutamine and exer-
cise challenge).

Table Haemodynamic effects of peak exercise and dobutamine infusion (mean (SD))

Variable Control Dobutamine Control Exercise

Heart rgte/min. 759 (12-3) 109-4 (17-6) 786 (12:6) 104-6 (16-9)
M(C;nmﬂg;t)atﬂal pressuze 74 (5-8) 51 4-4) 7-6 (CR))] 109 (T-T)**
M?nnnf’:ll;l;onm arterial pressure 277 (12-4) 269 (12-4) 27-1 (12:3) 378 (15-7)**
M;::sg:rl:l ((:nn:nry Ha;;ery wedge 160 9-2) 11-4 (7-3) 155 (9-0) 199 (10-3)**
M(e?-n;nsﬁt;)mic arterial pressure 895 (13-8) 88-7 (13-1) 91-2 (12:3) 1027 (15-6)**
Cardiac index (1.min™.m?) 2-45 (0-71) 432 (1-03) 2-44 (0-73) 376 (1-10)*
Cardiac power output (W) 0-83 (0-31) 1-41 (0-42) 0-82 (0-31) 1-38 (0-49)
Pu(l:iny?ln:zn‘g)mm resistance 236 (160) 174 (126) 238 (179) 231 (171)
sy(s;;‘::.isc.c‘::":)uhr resistance 1600 (426) 918 (286) 1626 (428) 1163 (318)
Le(fgt;lcﬂn';l:I ;;mlal‘ stroke work index 341 (13-8) 432 (14-4) 34-2 (14'7) 426 (18:5)

*p < 005 and **p < 0-01 for dobutamine v exercise.
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Figl Cardiac power output (CPO) during incremental
dobutamine infusion in three representative patients.
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Results

The table compares the haemodynamic effects of
dobutamine challenge and exercise. Both dobuta-
mine and exercise increased heart rate, cardiac index,
cardiac power output, and left ventricular stroke
work index, and the peak values of these variables
(except cardiac index) produced by both types of
stimulation were not significantly different. Right
and left ventricular filling pressures were reduced by
dobutamine, but increased by exercise. Although
dobutamine tended to reduce pulmonary and sys-
temic vascular resistance more than exercise, result-
ing in lower pulmonary and systemic arterial pres-
sures and higher cardiac output, similar left ven-
tricular stroke work index and cardiac power output
were obtained during both stresses.

Figure 1 shows cardiac power output during
incremental dobutamine infusion in three represen-
tative patients. The increases in cardiac power output
were more prominent at the lower doses of dobuta-
mine, from 0 to 7-5 ug/kg/min. Above 10 ug/kg/min
the increases in cardiac power output with incre-
ments of dobutamine tended to reach a plateau.
These patients had not been exposed to dobutamine
and had not developed tolerance to it. When
tolerance developed (for example after more than 24
hours of dobutamine infusion at >10 ug/kg/min),

T @ 59 @
« |, e ———.25D
_________ °
) T ° ®e : °
- ¢ M < g .. ° 9 ry °
z . . ‘Q .Q .' o o . :é " ° ‘ C 4 o Mean
uél 01 * ,:.’ . hd “; 0 ° o °
2 . o S ®e
g . .o g |-m——————————— -—g———————————- 250
.
-1- r T T T T 1 -5- Ll T T 1
0 05 10 15 2.0 2.5 0 5 10 15
Average peak CPO (W) Average peak CO (1/mim)
35-\ @
——————————————— - ———————————=—1.250
e - - " om L] Fig2 Differences of peak values of variables representing
€ ] ag® cardiac pump performance obtained during dobutamine (D)
2 - ,: mean challenge and during exercise (E) plotted against the average
2 - " "=, of the corresponding peak values. (a) Difference between
§ " . » maximal cardiac power output during exercise (CPOg) and
3 . . " that during dobutamine infusion (CPO,) plotted against the
_____________________________ 250 querage values of paired CPO, and CPOyg; (b) change in
cardiac output (CO,~COy) plotted against the average
35 values of COp and COy; (c) change in left ventricular stroke
K 2 v y 20 work index (LVSWI,~LVSWI;) plotted against the

40
Average peak LVSWI (g-m-m™2)

average values of LVSW I, and LVSWI,.



Assessing cardiac pumping capability by exercise testing and inotropic stimulation 23

higher doses of dobutamine (for example > 20 ug/kg/
min) were required to attain the peak cardiac power
output. CPO,, was unambiguously identified for each
patient because values either reached a plateau at
high doses or showed a peak followed by a decline.

The statistical method of Bland and Altman®
showed good agreement between the cardiac pump-
ing capability as evaluated by measuring peak cardiac
performance (represented by peak cardiac power
output) during maximal dobutamine challenge and
maximal exercise (fig 2a). When cardiac output was
used to represent cardiac performance (fig 2b) the
scatter of the points around the mean was similar,
with the coefficient of variation of the differences (SD
of differences/mean of the average peak values) being
0-19 in both assessments. However, the mean
difference between CPOp, and CPOg was closer to
zero than that between CO, and CO;. There were
more points above than below zero in fig 2b. In other
words, the peak cardiac output measured during
dobutamine challenge tended to be greater than that
measured during exercise. In fig 2¢c the differences
between left ventricular stroke work index measured
by the two methods were plotted against the corre-
sponding average left ventricular stroke work index.
Like fig 2a, the mean value of the differences was
close to zero. However, the scatter of the points about
the mean in fig 2c (coefficient of variation = 0-24) was
greater than those in figs 2a and b (coefficient of
variation = 0-19).

Discussion

EVALUATION AT REST v DURING EXERCISE

The heart of a patient in cardiac failure has limited
functional capacity. Measurement of cardiac perfor-
mance at basal resting states is helpful in detecting
the presence of cardiac impairment (for example the
low left ventricular ejection fraction of 27 (12)%, and
cardiac index of 2-5 (0-7) /min/m? in these patients),
but it often fails to differentiate the degree of
functional cardiac failure.** A patient’s functional
ability should not be assessed from haemodynamic
measurements made only at rest.

To determine how well a heart functions as a pump
during stress its response to maximal stimulation
must be assessed. Clinically, the most important
form of stimulation is physical exercise. At rest the
cardiac power output of a normal subject is ap-
proximately 1 W, and at maximal exercise it is
approximately 6 W.” The average (SD) cardiac
power output of patients in this study was 0-8 (0-3) W
at rest and 1-4 (0-5) W during maximal exercise,
indicating a considerable reduction in cardiac pump-
ing capability. Thus haemodynamic measurement
during stress gives a clearer indication of failing

cardiac function than haemodynamic evaluation at
rest.

CARDIAC PERFORMANCE EVALUATED BY

CARDIAC POWER OUTPUT, CARDIAC OUTPUT,
AND LEFT VENTRICULAR STROKE WORK INDEX
The data shown in figs 2a and b suggest that cardiac
power output is a better variable to represent cardiac
pumping capability than cardiac output. For similar
degree of cardiac stimulation, cardiac pumping
capability during dobutamine challenge tended to be
overestimated if cardiac output were used as the
indicator of cardiac performance. This was because
at peak stimulation blood pressure was significantly
lower with dobutamine challenge than with exercise
(table). There was a tendency for dobutamine to
produce greater systemic arterial vasodilatation than
exercise. Any drug that causes appreciable vasodila- -
tation is liable to exaggerate cardiac output because
the heart’s capacity for generating pressure is conver-
ted into a capacity for generating flow.

Like cardiac power output, left ventricular stroke
work index accounts for the capacity of the heart to
generate both pressure and flow. So we were not
surprised to find that the scatters of the differences
above and below zero in fig 2c were almost equal. Left
ventricular stroke work index is energy output per
stroke whereas cardiac power output is energy output
per unit time. Thus unlike cardiac power output, left
ventricular stroke work index does not contain the
factor heart rate. When heart rate is held constant
these two measures of cardiac pumping capacity are
equal. As far as maintaining the circulation is con-
cerned, it does not matter how much hydraulic
energy per stroke the heart delivers into the circula-
tion, as long as the total delivered per unit time is
sufficient to replenish the energy lost in the vascu-
lature, and able to maintain organ perfusion and
metabolism in tissues. Thus for any two hearts with
the same limitation in generating stroke work, the
one that is capable of a greater increase in heart rate
would be able to impart more hydraulic energy into
the vasculature and thus maintain a higher level of
circulation and metabolism. Hence from the
theoretical point of view, cardiac power output
would be expected to be a better functional represen-
tation of cardiac pumping capability than left ven-
tricular stroke work index. In patients with ischaemic
cardiac failure, it is not uncommon to see excessive or
inadequate chronotropic responses to exercise. The
greater scatter of the points in fig 2c than in fig 2a
suggests that the chronotropic responses of the hearts
to dobutamine and exercise were different. Also, in
fig 2c, peak left ventricular stroke work index was
apparently higher with dobutamine challenge than
with exercise when values were < 35 g.m.m but the
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converse was true for higher values (>50 g.m.m™).
This implies that the use of left ventricular stroke
work index as a measure of cardiac pumping
capability depends on the mode of stimulation used
and whether such stimulation can induce an
appropriate chronotropic response.

PHARMACOLOGICAL AGENTS TO STIMULATE THE
HEART

Dobutamine was chosen as the stimulating agent
primarily because it was the most commonly used
intravenous positive inotropic agent in the treatment
of heart failure in our coronary care unit. As an
adrenergic agonist it resembles the activity of
endogenous catecholamines.’'® One concern is that,
as there is appreciable g adrenoceptor down regula-
tion in severe heart failure,' adrenergic agonists may
not be the ideal agent to use. The combined use of
dobutamine with a phosphodiesterase inhibitor'
may circumvent this problem, but the combined
arrhythmogenic effects of these drugs have not been
ascertained. Furthermore, it may be argued that
when patients exercise they have to rely on the
cardiac response to adrenergic drive to augment their
cardiac performance. Hence, from the functional
point of view, the amount of cardiac reserve available
via adrenergic stimulation is that which is of clinical
and functional relevance.

A COMPARISON OF PHARMACOLOGICAL AND
PHYSIOLOGICAL STIMULATION
This study showed that cardiac pumping capability
measured during dobutamine challenge correlated
well with that measured during symptom limited
bicycle exercise testing, but there are advantages and
disadvantages with both methods. The disadvantage
of exercise testing lies in the difficulty in determining
the true maximum exercise. It has been proposed
that one way of identifying this point is to use the
plateau of oxygen consumption as maximum exercise
is approached,” ' but this proposal has been challen-
ged.”” In contrast, CPO, can be easily identified
during incremental dobutamine infusion (fig 1).
Furthermore, since CPO, can be unambiguously
determined (fig 1), it would be reasonable to propose
that a necessary (but not sufficient) condition which
must be satisfied before it can be claimed that the
point of maximum exercise has been reached, is the
attainment of CPOy, that is greater than CPOy,.
Different exercise protocols may stress the heart
differently, for example, more rapid increases in
workload lead to earlier attainment of the maximum
workload and a greater value of CPO;."'® During
incremental dobutamine infusion, however, the ven-
tricular filling pressures tend to decrease, which
implies that CPO,, might have been higher had it
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been possible to increase the preload concomitantly.
Both exercise and incremental dobutamine infusion
are potentially arrhythmogenic, and the occurrence
of frequent ventricular extrasystoles or tachycardia
tends to limit the maximal cardiac power output
obtained.

Dobutamine challenge may be the best method of
assessing cardiac pumping capacity particularly
when the patient is unable or unwilling to undergo
maximal exercise testing. Invasive techniques are not
always needed because non-invasive techniques of
measuring cardiac output are now available (for
example Doppler echocardiography).”

METHODS OF DETERMING PROGNOSIS

Direct and indirect indicators of cardiac function
have been used as prognostic indices in heart failure.
Most of the direct indicators of cardiac function have
been shown to give some measure of the prognosis in
different patient groups,'®' but the considerable
overlap of values between survivors and non-
survivors limited the usefulness of these variables as
discriminators in individual patients.'® Unfortu-
nately, cardiac function was evaluated at basal resting
states in these studies. An indirect measure of cardiac
function that uses peak oxygen uptake during max-
imal exercise was shown to be a good prognostic
index.”” The reason for this is that peak oxygen
uptake is obtained during maximal stress. In other
words, it is an indirect measure of the cardiac
pumping capacity. However, it is also dependent on
other factors as well, notably the regional distribu-
tion of blood flow and the way that exercising skeletal
muscle consumes oxygen, and these factors are not
known to influence prognosis unless the peripheral
tissues become ischaemic at rest in terminal heart
failure. Hence, a more direct measure of cardiac
pumping capacity would be expected to be a better
indicator of prognosis.’

The serum concentration of noradrenaline is also
an indirect marker of cardiac dysfunction, and it has
also been shown to be quite a good indicator of
prognosis.” Z The higher the noradrenaline concen-
tration in severe heart failure the more likely is down-
regulation of the f adrenoceptors." The evaluation of
cardiac responsiveness to adrenergic stimulation (for
example, dobutamine infusion) combines the infor-
mation on cardiac pumping capacity and the sym-
pathetic neurohormonal state of a patient with heart
failure.! It is therefore not surprising that this
method of assessing prognosis is much more accurate
than other methods of determining prognosis. What
was not clear from the previous study was whether
cardiac pumping capacity determined by dobuta-
mine challenge is related to functional cardiac pump-
ing capacity. This study showed a good agreement
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between the pharmacologically determined cardiac
pumping capacity and physiologically determined
cardiac pumping capacity. We can infer from this
that the cardiac pumping capacity assessed by
dobutamine challenge is a true indication of the
functional capacity of the impaired heart during
exercise. We therefore recommend that whenever a
patient requires inotropic support, an incremental
infusion of dobutamine should be given because the
measurement of cardiac pumping capacity obtained
will give important information on prognosis, which
will help in deciding the future management of the
patient.

The concept of evaluating cardiac function by
cardiac pumping capacity is new. Its clinical utility is
based on the understanding that measurement of
cardiac function in the basal unstressed states is
uncertain because of the variable degrees of activa-
tion of neurohormonal compensatory mechanisms on
the one hand and on the other the variable states of
somnolence or excitation of the patient during
measurement. To avoid ambiguity, evaluation must
be performed at maximal stress. The results of this
study suggest that pharmacological stress is as good
as physiological stress. The variable chosen to
represent cardiac performance at this maximal point
must not only reflect some isolated aspects of cardiac
function (for example myocardial contractility) but
also the overall integrity of the cardiac pumping. We
found that cardiac power output was a better
indicator of overall cardiac performances than car-
diac index and left ventricular stroke work index.

We thank Mrs Elsie Gale and her team of technicians
who helped to perform this study.
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